
Semiconductor Physics, Quantum Electronics & Optoelectronics, 2023. V. 26, No 4. P. 415-423. 

© V. Lashkaryov Institute of Semiconductor Physics of the NAS of Ukraine, 2023 

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2023 

415 

Semiconductor physics 
 

Defect structure of high-resistance CdTe:Cl single crystals and 

MoOx/CdTe:Cl/MoOx heterostructures according to the data 

of high-resolution X-ray diffractometry 

I.M. Fodchuk
1
, A.R. Kuzmin

1
, I.I. Hutsuliak

1
, M.D. Borcha

1
, V.O. Kotsyubynsky

2
 

1
Yuriy Fedkovych Chernivtsi National University,  

2, Kotsiubynsky str., 58012 Chernivtsi, Ukraine 
2
Vasyl Stefanyk Precarpathian National University,  

57, Shevchenko str., 76018 Ivano-Frankivsk, Ukraine 

Corresponding author e-mail: ifodchuk@ukr.net 

Abstract. Clorine doped CdTe single crystals (CdTe:Cl) were grown by the traveling 

heater method. MoOx/CdTe:Cl/MoOx films were deposited using the reactive magnetron 

sputtering technique. The defect structure of the obtained single crystals and 

heterostructures was investigated using high-resolution X-ray diffractometry. The 

optimized models of dislocation systems in the CdTe:Cl single crystals were constructed 

based on the Thompson tetrahedron. The distribution of the intensity of diffracted X-rays as 

a function of reciprocal space coordinates and rocking curves was analyzed using the 

kinematic theory of X-ray scattering in real crystals. The experimental and theoretically 

predicted values of the helical dislocation densities in the CdTe:Cl and MoOx/CdTe:Cl 

crystals with perfect and mosaic structures were compared. Two-fold increase in the 

dislocation concentration in the MoOx/CdTe:Cl heterostructures as a result of compression 

deformations of the CdTe:Cl crystal lattice was found. The ~0.1 μm thick transition 

deformed layer at the boundary between the MoOx film and CdTe:Cl single crystal 

significantly affects the electrical and spectroscopic properties of the obtained systems as 

the materials for γ-radiation detection. 
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1. Introduction 

Improvement of single crystal growth technology creates 

prospects for production of highly sensitive strain gauges 

for monitoring mechanical stresses and deformations in 

thin-walled structures [1], in particular in flexible shells 

and plates [2]. Cadmium telluride and compounds based 

on it are suitable for practical application in detectors for 

non-destructive inspection of cracks and internal micro-

defects [3], optical sensors and filters [4], high-precision 

diagnostic and interventional radiology equipment [5], etc. 

Moreover, cadmium telluride films are used in 

atomic energy and nuclear dosimetry as well as solar 

energy. In particular, research on CdTe thin-film photo-

voltaic solar cells has become popular in recent years due 

to the innovations achieved in the CdTe technology [6].  

 

CdTe solar panels are now on par in performance and 

cost with polycrystalline silicon panels [7]. 

As is generally known, the structure of real 

materials is always distorted and imperfect due to the 

presence of different point and/or line defects. X-rays are 

an excellent tool for investigation of the structural 

parameters. X-ray diagnostics serves to control the 

material quality, in particular to determine the structural 

parameters, composition and character of the defect 

distribution both in bulk crystals [8] and quasi-two-

dimensional (multilayer) structures. In disordered solid 

solutions based on pure metals or complex compounds, 

precise X-ray studies combined with other theoretical 

and experimental techniques provide important insights 

into the anisotropy of the elastic properties and surface 

energy. 
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Cadmium telluride single crystals are actively used 

to manufacture X- and γ-radiation detectors due to their 

ability to operate at room temperatures, unlike silicon 

counterparts [9–13]. However, CdTe single crystals 

typically have a large number of defects (small-angle 

boundaries and high dislocation densities), which affect 

detector quality. Although the methods of growing highly 

perfect crystals are being continuously improved, 

influence of the defect structure on the electrical and 

spectroscopic properties of detectors is an ever-present 

problem. One of the main disadvantages of manu-

facturing high-efficiency X- and γ-radiation detectors 

based on CdTe:Cl is the reverse ohmic contact problem. 

There are no metals that form ohmic contacts with 

CdTe:Cl without additional surface treatment. Therefore, 

molybdenum oxide (MoOx) is used as an interlayer 

material for formation of high-quality electrical contacts 

with CdTe:Cl due to its high work function 

(5.2…6.0 eV). Its additional advantages are transparency 

in the visible spectral range and relatively low specific 

electrical resistance. X-ray analysis remains the most 

informative method in the study of defects in crystals 

[29, 30]. High-resolution diffractometry makes it 

possible to evaluate the types and concentrations of 

defects, the integral and local deformations, the bending 

radius of atomic planes, the density of dislocations, as 

well as the symmetry of the fields of dislocation-created 

static distortions [14, 15]. 

This paper presents the results of the study of the 

defect structure of CdTe:Cl single crystals and 

CdTe/MoOx heterostructures using high-resolution X-ray 

diffractometry. The number of deformations in the 

transition layer between molybdenum oxide and CdTe. 

2. Materials and methods 

The objects of investigations were 5×5×1 mm  

CdTe:Cl (111) single crystals with the resistivity  

ρ = (2…4)·10
9
 Ohm·cm grown by the traveling heater 

method (Acrorad, Japan) at room temperature [16, 17]  

as well as CdTe/MoOx heterostructures obtained by 

reactive magnetron sputtering [18, 19]. 

MoOx films were deposited on heated polished 

single-crystalline CdTe:Cl substrates by sputtering of 

pure molybdenum (99.99% Mo) at a constant voltage. 

A LeyBold–Heraeus Vacuum System filled with an 

argon/oxygen mixture was used. The vacuum chamber 

was pre-pumped down to a residual pressure of  

5·10
–5

 mbar before the deposition. The argon ion 

sputtering technique was used for preparation of CdTe:Cl 

single crystal surfaces. The argon and oxygen pressures 

in the chamber during sputtering were 0.240 and 

0.034 Pa, respectively. The magnetron power was 

120 W. The deposition was carried out for 5 min. The 

substrate temperature was 573 K. The final thickness of 

the MoOx coating was 100 nm. XRD (HT-XRD) 

experiments were carried out using an X’Pert PRO 

(Panalytical, Philips) diffractometer with a CuKα1 

radiation source. 

 

3. Results and discussion 

3.1. Defect structure of CdTe:Cl single crystals 

Distributions of the X-ray intensity for symmetric and 

asymmetric reflections Ih(ω) and Ih(Qx, Qz) from the 

CdTe:Cl single crystals were measured to analyze the 

crystal defect structure. A strong diffuse background in 

the dependence Ih(Qx, Qz) and blurring of coherent 

scattering regions in the Ih(ω) distributions were 

observed (Fig. 1a). Structural perfection of the samples 

was evaluated using the Ih(ω) peak parameters 

(FWHM (W), maximum intensity (Ihmax), integral 

intensity (β) (Table 1), and peak shape in the coherent 

scattering region) as well as analyzing the diffuse 

component of the X-ray scattering intensity (Fig. 1a). 

The correspondence between the experimental and 

theoretical values of FWHM of the Ih(ω) distributions 

was a criterion for assessing the degree of crystal 

perfection. Two samples, namely the most perfect one 

(labeled as “perfect”) and the one with a mosaic structure 

(labeled as “mosaic”) were selected for further investi-

gation and comparative analysis. Cadmium telluride  
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Fig. 1. XRD pattern of (a) “perfect” and “mosaic” CdTe:Cl 
single crystals; (b) CdTe:Cl/MoOx heterostructures based on the 

“perfect” and “mosaic” substrates ((333) reflection, CuKα1-

radiation). 
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Table 1. Parameters of XRD patterns for CdTe:Cl single 

crystals and CdTe:Cl/MoOx heterostructures. 

Sample Reflection W, arc sec β, arc sec 

Before MoOx film deposition 

 
Perfect 

333 16 14.3 

331 17 17.5 

444 17 16.9 

 

Mosaic 

333 18 27.2 

331 24 45.2 

444 20 37.1 

After MoOx film deposition 

 

Perfect 

333 18 19.1 

331 19 21.4 

444 20 21.3 

 

Mosaic 

333 29 28.1 

331 32 36.1 

444 30 35.7 
 

 

crystals usually contain various defects, inclusions of 

another phase, violations of stoichiometry etc. [20]. 

Presence of defects causes the asymmetry of the rocking 

curves and the appearance of oscillations of the scattered 

X-rays intensity (“tails”). Analysis of the diffuse 

scattering component allows estimating the defect sizes 

and concentrations [21]. Inclusions of another phase, 

packing defects, dislocations etc. can form in CdTe 

crystals during the growth process. However, disloca-

tions make the most significant contribution to the 

change in the shape of the rocking curves as well as the 

appearance of a diffuse background around the coherent 

component in the central part of the map in Fig. 4. 

Impact of the dislocation concentration on the 

increase of W and the change of Ih(Qx, Qz) and Ih(ω) was 

analyzed using the theoretical approaches developed in 

[22, 23]. To determine the influence of dislocations on 

the formation of the X-ray intensity distribution, the 

dislocation line and Burgers vector b


 need to be parallel 

to the diffraction vector g


 as follows from the 

diffraction geometry (Fig. 2). 

It was shown [24] that a dislocation system of 

perfect and partial dislocations in CdTe single crystals 

can be described using the Thompson tetrahedron. 

Fig. 2a shows all possible types of perfect and partial 

dislocations: 

     121611260112 aaa  ,    (1) 

          ,01161216211601120112 aaaaa 

        (2) 

          .00131126121601120112 aaaaa 

        (3) 

Fig. 2b presents the unfolded Thompson tetrahedron 

and demonstrates more clearly the decomposition of a 

dislocation of the  0112a  type into Shockley partial 

dislocations  1216a . In a symmetric geometry, the  

 

 
 

 
 

Fig. 2. Thompson tetrahedron and decomposition of perfect 
dislocations CD and DB into Shockley partial dislocations Dα 

and αС and a vertex dislocation βγ, and decomposition of CD 

into Frank partial dislocations Dδ and Shockley dislocations δС 

(a); scheme of position of two dislocation systems with the 

Burgers vectors and dislocation lines located in  111  and 

 111  planes (b). 

 

 

diffraction planes and the diffraction vector are parallel 

to the crystal surface. Therefore, two types of partial 

dislocations, namely screw Shockley and edge Frank 

dislocations (Fig. 2), have a dominant influence on the 

intensity distribution Ih(Qx, Qz). In the asymmetric case, 

when the diffraction plane and vector are not parallel to 

the crystal surface, the contribution of perfect 

dislocations of the  0112a  type is added to Ih(Qx, Qz). 

 

(а) 

(b) 
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The Thompson tetrahedron plot was used to 
construct models of a dislocation system that causes the 

formation of the observed X-ray scattered patterns at a 
certain crystallographic orientation [24]. Two optimal 
models with two systems of dislocations were selected: 
a) perfect 60-degree dislocations with the Burgers 

vectors  01121 ab   and  01122 ab  , which lines 

are in  111  and  111  planes; b) partial Frank 

dislocations  1113F ab  , which lines are oriented in 

110  and  011  directions. Such dislocations can also be 

located in the small-angle boundaries between blocks [24]. 
The experimental dependence Ih(ω) for the 

“mosaic” sample (Fig. 1) demonstrates a strong diffuse 
background of the intensity distribution in the region of 
coherent scattering. This indicates high densities of 

dislocations and their inhomogeneous spatial distribution. 
The X-ray intensity changes for the “mosaic” sample can 
also be caused by dislocations at the interblocks 
boundaries. The average density of the chaotically 

distributed dislocations is estimated as follows [25]: 

2

2

9 b

W
N G

G  ,       (4) 

where b


 is the Burgers vector of the dislocations. 

In the case of “mosaic” crystal, the dislocation 
density NG was calculated for the most perfect block 
(Table 1). 

The calculated values of NG for the “perfect” and 
“mosaic” CdTe:Cl single crystal samples are listed in 
Table 2. The densities NS of helical dislocations in these 

samples were calculated (Table 2) using the Williamson–
Hall plot (Fig. 3) based on the value of inclination angle 
α of mosaic blocks [26]: 

2

2

35.4 b

NS 


 .       (5) 

 
Table 2. Calculated dislocation densities in CdTe:Cl single 

crystals and CdTe:Cl/MoOx heterostructures. 

Sample Reflection NG, cm
–2

, 10
5
 NS, cm

–2
, 10

5
 

Before MoOx film deposition 

 
Perfect 

333 3.9  
4.4 331 5.3 

444 4.1 

 

Mosaic 
333 5.8  

4.9 331 6.5 

444 6.2 

After MoOx film deposition 

 

Perfect 
333 4.2  

9.9 331 5.1 

444 4.6 

 

Mosaic 
333 14.1  

12.1 331 15.7 

444 14.2 

 

The X-ray intensity distributions Ih(Qx, Qz) (Fig. 4) 

were simulated using the Kryvoglaz kinematic theory, 

which describes both coherent and diffuse scattering of 

X-rays in crystals with high concentrations of 

dislocations. Since the density of dislocations is 

significant (about 10
5
…10

6
 cm

–2
), the intensity 

distribution Ih(Qx, Qz) was calculated using the Monte 

Carlo method (Fig. 4) taking into account relaxation of 

surface strain [27, 28]. 

Comparing the Ih(Qx, Qz) maps (Fig. 4) for 

symmetric and asymmetric reflexes (Table 1), a 

significant broadening of the coherent component 

(central part) and differences in the distributions of the 

diffuse components are observed for asymmetric (331) 

reflection. This confirms the dominant influence of 

Shockley and Frank partial dislocations as well as perfect 

dislocations on the X-ray intensity distribution in the case 

of asymmetric diffraction geometry (Fig. 4b). Blurring of 

the diffuse component indicates the presence of defects 

of another type, dislocation loops, clusters, etc. 
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Fig. 3. Williamson–Hall plots for determination of helical 

dislocations density NS in (a) “perfect” and “mosaic” CdTe:Cl 

single crystal samples; and (b) CdTe:Cl/MoOx heterostructures 

based on the “perfect” and “mosaic” substrates (CuKα1-
radiation). 
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(a) (b) 

  

(c) (d) 

Fig. 4. Experimental (a, с) and simulated (b, d) distributions Ih(Qx, Qz) for “perfect” CdTe:Cl single crystal samples ((333) and 

(331) reflection, respectively). (Color online) 

 

  

(a) (b) 

Fig. 5. Experimental distributions Ih(Qx, Qz) for “perfect” CdTe:Cl/MoOx heterostructure after surface treatment. (a) and (b) 

correspond to the (333) and (331) reflections, respectively.(Color online) 
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3.2. Defect structure of CdTe:Cl/MoOx heterostructures 

Deposition of MoOx layers on high-resistance CdTe:Cl 

single crystals is an important step in the development of 

X- and γ-radiation detectors. Therefore, it is important to 

analyze the defect structure of such heterostructures. 

Analysis of the diffuse scattering component (Fig. 1b) 

shows that ion etching carried out during sample 

preparation partly reduces stress in the surface layers. 

The lattice parameter of MoOx (a = 3.147 Å) is 

twice as small as the lattice parameter of CdTe 

(a = 6.481 Å). Therefore, a significant compressive 

deformation of the crystal lattice occurs after deposition 

of molybdenum oxide on the CdTe surface transition 

layer. The observed increase in FWHM (Fig. 1b) is 

caused by appearance of various defects, in particular, 

misfit dislocations. The calculated values of the 

dislocation densities determined by the relation (4) and 

using the Williamson–Hall plot (Fig. 3b) are listed in 

Table 2. Deposition of MoOx films led to the increase of 

the densities of dislocations of both types. In particular, 

the density of dislocations in the CdTe:Cl/MoOx 

heterostructures based on the “perfect” CdTe:Cl single  
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Fig. 6. Experimental and simulated rocking curves for 

CdTe:Cl/MoOx heterostructure based on the “perfect” substrate 

((333) reflection) (a); deformation distributions in the near-
surface layer of CdTe:Cl single crystal for “perfect” and 

“mosaic” based CdTe:Cl/MoOx heterostructures (b). 

 

crystals increased twice, while three times increase was 

observed for the CdTe:Cl/MoOx based on the mosaic 

substrate. The intensity distribution Ih(ω) for the 

CdTe:Cl/MoOx based on the mosaic substrate (Fig. 1b) 

has a specific shape in the coherent scattering area and a 

strong diffuse background. This indicates significant 

violation of the structure in the near-surface layers of the 

heterostructures caused by inhomogeneously distributed 

dislocations (Table 2). The Ih(Qx, Qz) distributions 

measured for symmetric and asymmetric reflections 

provide more complete information about the structural 

perfection of the studied samples (Fig. 5). 

The experimental rocking curves of the 

CdTe:Cl/MoOx heterostructures were fitted using the 

semi-kinematic theory of X-ray scattering. The 

deformation distribution in the transition layer was 

calculated (Fig. 6a). The calculated deformation profile 

(the dependence of Δd/d on the coordinate) in the oxide 

film/single crystal transition layer shows an exponential 

decline from 10
–1

 to 10
–4

 (Fig. 6b). This transition layer 

significantly affects the electrical and spectroscopic 

properties of the materials. 

A promising way to minimize deformation is 

deposition of graphene layer on crystal surface before 

deposition of metal oxide film [29]. The defect structure 

of the substrates also affects the electrical and spectro-

scopic characteristics of X- and γ-radiation detectors. 

4. Conclusions 

Models of dislocation systems in the CdTe:Cl single 

crystals were built based on the Thompson tetrahedron 

plot, which contains perfect 60-degree dislocations with 

the Burgers vectors  01121 ab   and  01122 ab  , 

the lines in the  111  and  111  planes, as well as 

partial Frank dislocations with  1113F ab   and the 

lines oriented in the 110  and  011  directions. The 

experimental distributions of scattered X-ray intensity 

(Ih(ω) and Ih(Qx, Qz)) were analyzed using the kinematic 

theory. The dislocation densities in the CdTe:Cl single 

crystals and CdTe:Cl/MoOx heterostructures of different 

perfection were estimated. The density of helical 

dislocations was 4.8·10
5
 cm

–2
 for the perfect CdTe:Cl 

single crystals and about 4.9·10
5
 cm

–2
 for the CdTe:Cl 

mosaic single crystals. Deposition of the MoOx films 

caused the increase in the dislocation density by more 

than two times. The density of helical dislocations was 

9.9·10
5
 cm

–2
 for the CdTe:Cl/MoOx heterostructures 

based on a perfect crystal and 12.1·10
5
 cm

–2
 for the 

heterostructures based on a mosaic single crystal. The 

most probable reason for the formation of misfit 

deformations in the transition layers of the 

heterostructures are Shockley helical dislocations. The 

degree of structural perfection of the CdTe:Cl samples 

should be taken into account to obtain high-quality 

detectors of X- and γ-radiation. 
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Дефектна структура високоомних монокристалів CdTe:Cl та гетероструктур MoOx/CdTe:Cl/MoOx  

за даними високороздільної Х-променевої дифрактометрії 

 

І.М. Фодчук, А.Р. Кузьмін, І.І. Гуцуляк, М.Д. Борча, В.О. Коцюбинський 

 

Анотація. Леговані хлором монокристали CdTe (CdTe:Cl) були вирощені методом рухомого нагрівача, а плівки 

MoOx/CdTe:Cl/MoOx були нанесені за допомогою техніки реактивного магнетронного розпилення. Дефектну 

структуру отриманих монокристалів і гетероструктур досліджено методом високороздільної Х-променевої 

дифрактометрії. Побудовано оптимізовані моделі дислокаційних систем на основі тетраедра Томпсона для 

монокристалів CdTe:Cl. Аналіз розподілу інтенсивності дифрагованого Х-випромінювання як функції 

зворотних просторових координат і кривих гойдання проведено з використанням кінематичної теорії розсіяння 

Х-випромінювання в реальних кристалах. Проведено порівняльний аналіз експериментальних та теоретично 

розрахованих значень густини гвинтових дислокацій для кристалів CdTe:Cl та MoOx/CdTe:Cl з ідеальною та 

мозаїчною структурами. Для гетероструктур MoOx/CdTe:Cl внаслідок компресійних деформацій кристалічної 

решітки CdTe:Cl виявлено збільшення концентрації дислокацій у 2 рази. Перехідний деформований шар на 

межі між плівкою MoOx і монокристалом CdTe:Cl товщиною близько 0,1 мкм істотно впливає на електричні та 

спектроскопічні властивості отриманих систем як матеріалів для реєстрації γ-випромінювання. 

Ключові слова: високороздільна Х-променева дифрактометрія, монокристали CdTe:Cl, криві гойдання, 

гетероструктури MoOx/CdTe:Cl, детектори γ-випромінювання. 


